The field of tissue engineering is developing rapidly. Given its ultimate importance to clinical care, the time is appropriate to assess the field's strategic directions to optimize research and development activities. To characterize strategic directions in tissue engineering, a distant but reachable clinical goal was proposed and a worldwide body of 24 leaders in tissue engineering was queried systematically to determine the best paths toward that goal. Using a modified Hoshin process, we identified 14 critical activity categories and then stratified them by their immediate priority for the field. The result of the analysis illustrates a highly interdependent set of activities that are dominated by the need for an understanding of angiogenesis, stem cell science, and the utilization of molecular biology and systems biology tools to enable a deeper comprehension of tissue development and control.
INTRODUCTION
T HE FIELD OF TISSUE ENGINEERING IS DIVERSE in its methods and clinical targets and holds great promise for improved patient care. It has matured to the point that its activities can be reasonably well categorized, providing the opportunity for a strategic assessment that is able to guide researchers, funders, policy makers, regulators, and technology developers. We undertook such an analysis with the participation of the international editorial board of the journal. Our hope was to obtain a strategic perspective on the field from the point of view of those who are actively developing its technologies around the world. In particular, we concentrated on three topics:
1. Determining the critical activity foci for the field that will enable it to progress 2. Characterizing the degree to which we have made progress in these areas 3. Determining the linkages between activities and stratify them on the basis of their predominance as influencers of one another while taking into consideration previous progress
In this way, we intended to provide ourselves as editors with direction regarding the most critical issues facing the field. In addition, we wanted to present the community with the experienced perspective that our worldwide editorial board has provided with respect to these issues.
To achieve this, a modified Hoshin* facilitation technique was used that uniquely enabled asynchronous international participation to complete the assessment. Members of the editorial board were asked to identify critical steps that would be needed to achieve the following goal: ''The field of tissue engineering will exhibit broad clinical success by the year 2021. '' Based upon their responses, a list of strategically important concepts was identified and prioritized on basis of their immediate importance to the field. The data obtained (listed in Appendix A) provide a focus for research and development activities in the field that may assist in the enhancement of research and development efficiency and financing.
MATERIALS AND METHODS

Participants in the assessment
Twenty-four members of the editorial board of the journal Tissue Engineering participated in this assessment. (They are listed in the ''Acknowledgments'' section.)
Modified Hoshin method
The Hoshin facilitation process is a well-established strategic planning technique. It is designed to support group strategic planning processes through the identification of a common goal followed by delineation and prioritization of the steps needed to achieve the goal. It is especially effective in disparate groups, as it is designed to maximize the sharing of ideas through active group participation. Although the Hoshin process is normally run with a group working together at one location in real time, the nature of our participant community did not allow this. In this modified approach, one set of participants (the editorial board members) was guided asynchronously through one part of the process while the four editors-in-chief acted synchronously in the assessment of the ideas provided by the editorial board.
The steps of the modified Hoshin process were as follows:
1. Mission creation: The mission (see above) was selected and communicated electronically to the editorial board. When the ideas were collected in late 2006, the goal was 15 years distant. This duration was felt to credibly estimate the time needed for the field to express significant clinical development potential. 2. Idea generation: The editorial board members were asked to provide up to 10 critical ideas or steps that would need to occur for the mission to be successful. Twenty-four editorial board members representing Asia, Africa, Europe, and North America participated in the response. 3. Electronic idea collection: The ideas (145) were collected from the editorial board members by e-mail. 4. Clustering of related ideas: Once all ideas were collected, they were sorted on the basis of their similarity into 14 distinct groups of ideas (see Appendix A). 5. Naming of clusters as concepts: The clustered idea groups were provided an overarching name that encompassed the content of its collective ideas. These clusters, known as ''concepts,'' are, in essence, activity foci for the field. 6. Comparison of concepts to determine raw dominance:
Using standard Hoshin approaches, the concepts were placed in a circle on paper and compared to one another in sequential fashion until all pairwise comparisons were completed. In each instance, the question was asked: ''Is there a relationship between these concepts?'' If so, a line was drawn between the concepts and a unidirectional arrow was assigned leading from the dominant concept to the one that was dominated. Once complete, the number of relationships (R) and the number of ''out'' or ''dominant'' arrows (O) were counted. This process was performed by the editors-in-chief. 7. Assessment of progress to date: Each editor-in-chief assigned a level of progress achieved thus far to each concept. A scale of 1 ¼ no progress to 10 ¼ complete progress was assigned. The mean progress level (P) assigned by the four editors was used as the concept progress designation for each concept. 8. Determination of normalized concept dominance: To determine the most important concepts for immediate focus, the dominance (O) of each concept was divided by its level of present progress (P) and the divisor O/P was obtained for each. On the basis of this figure, concepts were sorted from most to least dominant.
RESULTS
Distillation of concepts from raw ideas
The 145 raw ideas provided by members of the editorial board were grouped into concept categories on the basis of their relatedness. Fourteen concepts were derived in this way, as shown in Table 1 . The similar ideas that led to each concept classification are shown in the table, and the full text of these ideas is provided in Appendix A. Table 2 presents the raw data from the Hoshin analysis, including the number of outgoing (dominant) arrows (O), the total number of relationships of each concept with the others (R), the mean estimated progress in the field thus far (P), and the dividend of O/P, the dominance of the concept normalized to present progress. The mean number of dominant relationships per category was 6.1 AE 3.8. The mean number of relationships each concept had (out of a possible 13) was 12.1 AE 1.0. The mean level of progress in the field per concept was 4.3 AE 0.9 out of a possible 10.
Raw Hoshin data
Concept relationship strength
As shown in Table 3 , when sorted on the basis of relationship strength per category, the scattering of data is very small, indicating an intense interrelatedness of critical concepts in the field.
Raw dominance of concepts over one another
In Table 4 , the concepts are depicted in the order of decreasing strength over one another. This listing represents the raw importance of the concepts to the field without taking into consideration progress to this point. Table 5 shows the estimated progress achieved thus far (1 ¼ none; 10 ¼ complete) for each concept.
Concept progress thus far
Normalized concept dominance (i.e., when progress has been taken into consideration) Table 6 illustrates the final dominance profile of the concept areas once present levels of progress have been taken into consideration. This is the sorted order of the most critical concepts that require pursuit at this time. Interconcept relationships Table 7 reflects the actual relationships between concepts. For each concept (lettered on the left), the group of other concepts it dominates is shown on the right.
DISCUSSION
A check on the strategic direction of a field as diverse as tissue engineering by its practitioners is periodically warranted, if only to help focus our collective international strengths. We originally performed this analysis to identify key focus areas for invited reviews and editorials for the journal Tissue Engineering. However, as its process unfolded, it became clear that since the analysis incorporated the thoughts of many of the world's leaders in tissue engineering, it might have a broader role in guiding the direction of development of the field.
Since tissue engineering is ultimately focused on the improvement of the care of patients, we chose a relevant goal-the clinical success of the field by 2021-and then culled the opinions of 24 key international leaders to determine the critical steps en route to this goal. They independently created and submitted their responses, providing a thoughtful snapshot of international opinion regarding strategic directions in the field. Using the Hoshin analysis methodology, these contributions were grouped by similarity, classified into concepts, and the concepts were then compared by the editors-in-chief of Tissue Engineering Parts A, B, and C to determine their relative priority in support of progress in the field. The Hoshin process has the unique capacity to identify interrelationships between important strategic activity subsets. In this case, its application led to a deeper understanding of what constitute the most dominant directions in the field. Because of the way that concept areas are linked together, a focus on the most dominant concepts inevitably should lead to all concepts, in turn.
An important step in this analysis is the assignment of present progress in the field. While this is a subjective assessment, it has proven itself to be a helpful tool in Hoshin analyses since it allows very dominant ideas to be normalized by the degree to which previous progress has been made. Periodic progress reassessment and analysis of the effect on concept dominance will be important in the years ahead, to restructure priorities for the attention of funding agencies and the like.
In the process of performing the analysis, we learned several things. While some concept areas received attention from many of the responding board members, the number of ideas a concept area received did not correlate with its ultimate strategic importance. This suggests that highly strategic issues often may not lie at the forefront of our day-to-day conception of the most important foci in the field, making such analyses more important to undertake. For example, the strategically most important category, angiogenic control, was supported by only four contributed ideas. However, its dominance over nine other concepts and its low level of present progress propelled it to the top of the list of strategic concepts. Clearly, mastering the control of angiogenesis will be at the heart of any attempts to grow larger tissueengineered constructs than have thus far been achievable. This will apply whether such growth occurs in vitro or within the body as a response to cell and/or scaffold implantation.
Stem cell science is the second most strategic concept, dominating 12 other concepts. It may well be that the understanding and control of stem cell development will enable us to short circuit some of the tissue engineering methods used heretofore-perhaps allowing the concurrent growth of vascular systems with parenchymal tissues.
To understand and control stem cell behavior, we need to be able to measure cellular responses at the molecular level and thereby characterize cause-and-effect relationships. Recent advances in molecular biology and systems biology enable us to do this, making this concept area highly strategic for future developments throughout the field. The continuum of measurable cell characteristics (genome sequence, gene expression arrays, and proteomic and metabolomic patterns) can now be combined with digital automated histology information to provide a systems biology view of tissue development. Information systems are now capable of properly aggregating and analyzing such information, enabling the identification of biomarkers of development that can be used for guidance in engineered tissue development. While standardized cell sourcing for tissue engineering applications remains a problem in flux, the characterization of cells and tissues, as stated above, will make whatever cells that are sourced be far better understood in their ultimate behaviors. Cell sourcing remains a critically important focus area for the field.
At this point in the analysis, the concept that was supported by the largest number of ideas, clinical understanding and interaction, finds its strategic position. Clearly, if the field is oriented toward clinical applications, close engagement of the clinical community is important. This is not only valuable for the establishment of engineered tissue design criteria but also to enhance the potential for the ultimate acceptance of such therapies into clinical practice at large. Fortunately, significant progress has been made in the weaving of scientific and engineering groups together with clinicians for the mutual development of the field.
Though often overlooked, immunologic understanding and control will be an important hurdle for the field in the coming years. Depending upon the sources of standardized cells (autologous vs. allogeneic) and on the antigen presentation of cells derived from stem cells, immunologic understanding will prove to be of increasing importance. The development of a discipline known as the Immunology of Engineered Tissue would be timely, so that the need for immunologic response controls in the face of implanted engineered tissues can be understood.
Though perhaps premature in some cases, the ultimate need for manufacturing/scale-up will be prevalent throughout the field. It is placed high on the list of strategic concepts for this reason. Issues in manufacturing and scale-up go hand in hand with those of cell sourcing and characterization. Several groups around the world are formally engaged in this discipline at this time.
Regulatory transparency is next on the strategic concept list. While a great deal of effort has been expended by United States and international regulatory authorities in preparing to understand and regulate engineered tissues, clear pathways through the regulatory process have not yet been completely defined. It is supposed that the greater capacity for cell and tissue characterization using molecular biology and systems biology tools will provide assurances regarding cell behavior and fate that will enable regulatory authorities to assess the appropriate data needed to transparently regulate tissueengineered products.
Regulatory authorities will benefit from the development of acceptable standardized models of engineered tissue implantation. It is early in the process of developing such models but they will be critically needed as the next wave of engineered tissue technologies reaches preclinical experimentation milestones.
While biomaterial scaffolds have been a mainstay in the field for years, the strategic importance of enhanced biomaterial functionality depends quite heavily on what we learn about cells and tissues using the new characterization methodologies. While functional biomaterials will be of great importance as delivery vehicles for engineered tissue technologies, their design will grow from the known natural needs and responses of functional tissues themselves.
Fortunately, substantial progress has been made in the concept area of multidisciplinary understanding and cooperation. Indeed, this is something of a birthright for the field of tissue engineering, which put so much effort into this focal area in its early years, not only within research groups but also through the many regional initiatives that have dotted the landscape of the field. Collaboration and information sharing Similarly, while the field initially perhaps touted its potential with excessive alacrity, we seem to have matured into a solid appreciation of the importance of expectation management and communication so that future advances can be received by clinicians and the public as having the real value stated at the time.
Commercial processes for the development of tissueengineered products are known to be critical for these products to reach the bedside. Fortunately, the analysis shows that knowledge of how these processes work is generally extant, making pharmacoeconomic/commercial pathway considerations more generally resolvable and therefore of less critical importance on the immediate strategic pathway. This may change as nascent technologies ripen and commercial pathway issues become rate limiting. This underscores the need for a periodic reassessment of strategic data.
Finally, while one might think reflexively that multilevel funding is the key driver of the field, in fact it appears to be the opposite. That is, funds are actually allocated and released at both research and commercialization levels on the basis of the credibility of technology or its potential for development. As a result, funding decisions are made on the basis of successful progress in other strategic concept areas, such as evidence of clinical and multidisciplinary interaction, availability of tools for cell and tissue characterization, harnessing of stem cell responses, and the like. While funding is a chicken-and-egg situation, it is clear from the beginnings of the field that substantial funding always follows tangible technology development.
When the analysis is viewed through the lens of progress achieved in the field thus far, it is clear that a good job has been done by bringing scientific, engineering, and clinical disciplines together, by enabling the generation of a substantial stream of funding, by moving forward the development of biomaterials, and by the creation of a reasonable regulatory transparency. However, a great deal of work has yet to be done before angiogenic systems can be created for advanced tissue growth, stem cell and immunologic behavior is tied together meaningfully, and all of our scale-up needs are reached. This is why the latter rate highly in the priority of strategic concept areas.
Fortunately, as we progress, comfort can be taken in the fact that developments in any of these areas are likely to positively impact the whole of the field. Remarkably, when the number of relationships was measured per concept area, the mean number of relationships per concept area (out of a possible 13) was 12.1, six of these being dominant relationships.
Recently, a strategic assessment of the field from the MATES group of Federal agencies was released. These were not prioritized but were listed in the order of the pathway from research to commercialization. The report pointed out four overarching goals for the field:
''Understanding and controlling the cellular response:
A fundamental challenge is to understand how cellsthe building blocks of tissues-receive and respond to information from their local environment in establishing and maintaining tissues. 2. Formulating biomaterial scaffolds and the tissue matrix environment: The scaffolding that supports cells and gives tissues their form is increasingly appreciated as an important source of information that drives cell fate determination. A deeper understanding of the biology underlying this relationship will allow more effective tissue design and engineering. 3. Developing enabling tools: Complex, multiparametric inputs are required to assess the state of a tissue and the cells within it. This information will be supplied by improvements in high-throughput assays and instrumentation, imaging modalities, fabrication technologies, computational modeling, and bioinformatics. Additionally, tissue preservation technologies and bioreactors will facilitate the generation of tissues on demand. 4. Promoting scale-up, translation, and commercialization: Demonstrating the feasibility of designing an engineered tissue is not enough. Realizing the full benefits tissue engineering science requires increased reproducibility, robustness, and user-friendliness that will enable the broad distribution of products.''
In assessing worldwide opinion through our strategic planning process, it has become clear that the MATES group and the international community are thinking along similar lines. This is reassuring and exciting. It is our expectation that the progress assessment and prioritization provided by the Hoshin methodology, along with the tactical approaches suggested in the raw ideas (Appendix A), may add value within the overarching themes presented in the MATES report and also suggest some prioritization of funding support for the field. 
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As editors of the Tissue Engineering journal, we anticipate that this analysis will be of some benefit to those planning their research, designing institutes and teaching programs, and allocating funding for the future development of the field.
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APPENDIX A: CONCEPTS AND THEIR UNDERPINNING IDEAS
The following list contains all the concept headings and the raw ideas they comprise. The ideas themselves provide good tactical directions for the enhancement of the field. patient-specific parameters into patient-specific therapies, i.e., there will not be silver-bullet, one therapy fits all solutions -Identification of products that meet a clinical need (do not directly compete with products already on the market, meeting that need) -Translation of proof-of-concept technology into actual clinical application and evaluation -Build more complicated organs such as liver, kidney, and heart to overcome the shortage of these organs
Manufacturing/Scale-Up (19 ideas; 13.1%) -Scaling up of the tissue engineering products to the final dimensions necessary for the human patients -Development of tissue regeneration acceleration technology -Develop low-cost automated production of cell-based products -Development of efficient manufacturing processes -Scalable, cost-effective production under GMP (Good manufacturing practice) -Develop closed bioreactor systems for standardized, safe, and controlled manufacture of grafts -Reduce the cost of growing cells at the industrial level to encourage companies to build a central cell manufacturing sites -Development of reproducible tissue regeneration methodology -To be able to better store tissue-engineered products so they can last longer -Simplicity and off-the-shelf products for ubiquitous use -Totally animal-free products with all components clearly defined and consistent in quality -Identify quality controls for the implant potency (e.g., predictive markers of cell function, not just viability tests)
TISSUE ENGINEERING'S JOURNAL STRATEGIC DIRECTIONS -Develop low-cost automated production of cell-based products -Development of workable tissue preservation technology -Sharing safety/toxicity international databases -Consistent robust products which can be stored for long periods and easily transported and implanted into patients -To be able to better store tissue-engineered products so they can last longer -In vitro tissue engineering for in vivo implantation - Scale-up , and how to more efficiently utilize animal models -Development/utilization of animal models that represent clinical problems -Development of appropriate animal models (other than mice or rats) for testing of tissue-engineered products -In vivo test in large animals using a clinically relevant model -Controllable models for biological and medical research High-throughput screening, biomimetic context Tissue models of development, disease -Implementation of animal models that relate directly to specific compelling applications of tissue engineering in the clinic. For example, many in vivo studies address strategies for the engineering of a selected tissue, but few investigate the tissue-engineered constructs in a model that closely reflects a specific clinical application, with the current ''gold standards'' for treating the disorder as controls.
Regulatory Transparency (7 ideas; 4.8%) -Clear regulatory pathways with regulation achievable in a timely and cost-effective manner -Regulatory expertise -Clarify FDA regulatory guidelines for tissue engineering products -Clarity from the FDA with respect to regulation of tissue regeneration products -Obtain international consensus on the regulation of cell-based products -Continuous dialogue with specialists within registration authorities as ''partners'' rather than judges -Establish softer trial rules for ''non commercial'' clinical trials
Multidisciplinary Understanding/Cooperation (6 ideas; 4.1%) -Encourage the formation of consortia that work on a specific topic (low back pain, joint trauma, etc.) -Bring different groups into one specific area vs. one group mastering all fields -Improve interdisciplinary networking (clinical medicine, biology/embryology, material sciences, biochemistry) -Improvement of collaboration between research and industry The Hoshin method used in the preparation of this report is a custom-modified form. However, good descriptions of the classic Hoshin method, along with tools for its execution, can be found at this Web site: http://www.tqe.com/ hoshhdbk.html. 
